A series of calculations from first principles have been carried out to study structural, electronic, and optical properties of ZnS Se 1− alloys. Our results show that the lattice constant scales linearly with sulfur composition. The imaginary parts of the dielectric function are calculated, which are in good agreement with the experimental data. We have also interpreted the origin of the spectral peaks on the basis of band structure and density of states. Additionally, we find that no bowing effect in the absorption edge is observed, unlike other II-VI semiconductor alloys.
Introduction
There is an increasing demand for good semiconductors for various photoelectric and optical devices. Keeping this in mind the group II-VI compounds have been extensively studied theoretically as well as experimentally. Among these compounds, ZnS and ZnSe have attracted a great deal of interest in the preparation and characterization for both academic research and industrial applications. ZnS and ZnSe have been found to be very important materials for blue light emitting devices [1] . Mixed phases of ZnS and ZnSe provide the possibility to tune properties such as band gaps by using different amounts of sulfur in the alloys. The alloy ZnS Se 1− is interesting due to several optoelectronic devices that cover a wide spectral region from 2.58 to 3.45 eV that can be designed. Ap-plications of these devices range from flat full color displays to advanced medical instrumentation [2] . For example, ZnS Se 1− having 0 2 is used as cladding layer [3] and =0.06 is used as the active layer in a blue laser diode [4] . One of the main implementations is in wavelength-tunable UV-photodiodes [2] . There are a number of theoretical works on these alloys concerning electronic band structure, bowing parameter and thermodynamic properties [5] [6] [7] [8] . Mesri et al. have investigated lattice constants and bowing parameters of ZnS Se 1− alloys [7] . F. El Haj Hassan et al. have studied structural and thermodynamic properties of zinc chalcogenide semiconductor alloys [8] . Khedr et al. have studied optical characteristics of ZnS Se 1− thin films by electron beam evaportion [9] . To the best of our knowledge no detailed calculations of the optical properties have been performed for ZnS Se 1− alloys. Therefore, we feel motivated to perform full potential linear augmented plane wave (FPLAPW) calculations for the dielectric function and to obtain the variation of critical point (CP) energies as a function of sulfur content. In this work, we report such calculations using the full potential linear augmented plane wave plus local orbitals method (FP-LAPW+lo). In Section 2, we give a brief description of the calculation method. In Section 3, the results for the structural parameters, band structure, and optical properties are presented and compared with available experimental data. Finally, the conclusions of this work are given in Section 4.
Calculation method
In this work, we have considered ZnS Se 1− alloys in terms of periodically repeated supercells with eight atoms per unit cell. For = 0.25, 0.50, 0.75 we have replaced one, two and three Se atoms, respectively. The idea of constructing an alloy by taking a large unit cell (cubic eight atoms) and repeating it three dimensionally to calculate the electronic structure and optical properties of the semiconductor alloys has been used by many theoreticians [10] [11] [12] . The calculations presented in this work were performed using the FP-LAPW+lo method. In this method no shape approximation on the potential or on the electronic charge density is made. It divides space into an interstitial region and non-overlapping spheres centered at the atomic sites. In the atomic sphere, a linear combination of radial functions multiplied by spherical harmonics is used, and in the interstitial region, the basis set consists of plane waves. The exchange correlation potential within the GGA is calculated using the scheme of PerdewBurke-Ernzerhof [13] . The convergence parameter RK max , which controls the size of the basis set in these calculations, was set to 8.0. The cut-off energy, which defines the separation between the core and valence states, was set to -7.0 Ry. We have adopted the values of 2.10, 1.90 and 2.00 bohr for Zn, S and Se as the muffin-tin radii respectively. Brillouin zone (BZ) integrations within the self-consistency cycles were performed via a tetrahedron method, using 47 k-points in the irreducible BZ. The energy convergence is selected as 0.0001 Ry. For calculation of the optical properties (for the imaginary part of the dielectric tensor) a denser sampling of the BZ was needed, where we used 286 k-points. In this study, the imaginary part of the dielectric function is given by
where is the momentum operator, is the eigenfunc- Ref. [17] Ref. [7] Ref. [8] Ref. [2] tion with eigenvalue E , and ( ) is the Fermi distribution function. The evaluation of the matrix elements of the momentum operator in Eq. (1) is done over the muffin tin and the interstitial regions separately. Further, the details about the evaluation of matrix elements can be found in Ref. [14] and Ref. [15] .
Results and discussion

Structural parameters
The calculated lattice constants were obtained by fitting the total energy versus unit cell volume to Murnaghan's equation of state [16] . Our results for the materials of interest are compared with the available experimental and other theoretical values, which are shown in Tab. 1. We note that our calculated lattice parameters for ZnSe and ZnS are overestimated by 1% compared to the experimental ones. However, it is a common feature that GGA overestimates lattice constants and such a small deviation from experiment is expected [11] .
In Fig. 1 , we present the calculated lattice constant for the ternary ZnS Se 1− alloys as a function of sulfur concentration along with the best fit, which is represented by a dotted line. The calculated lattice constants scale linearly with the composition obeying Vegard's law and it is fitted by the linear equation
which can be compared to (Å) = 5.6717-0.2558 fitted from the data obtained from x-ray measurements [2] .
Electronic structure
Our calculated total density of states (DOS) for different concentrations, i.e. x =0.0, 0.25, 0.50, 0.75 and 1.0, of ZnS Se 1− alloys are given in part (a) of Fig. 2 . Due to the close similarity between the results obtained for these ZnS Se 1− alloys, in part (b) the partial DOS and the electronic band structure are given only for ZnSe. In the band structure and the DOS, all energies are given relative to the zero energy at the top of the valence band. From the band structure and partial DOS of ZnSe shown in Fig. 2b , we are able to identify the angular momentum characteristics of the various structures. The lowest energy group originates from Se-s states. The second group between -6.5 and -6.0 eV consists predominantly of Znd states. The broader structure that is situated between -5.0 eV and the Fermi level is composed of Zn-d and Sep states. The last group above the Fermi level consists mostly of Se-p states together with small contributions from Zn-d states. The trends in the band structures (as we move from Se to S) can be summarized as follows:
1. The second group is slightly shifted towards higher energies by around 0.5 eV.
2. The band gap between the second group and the third group becomes small. The valence band maximum and bottom of the conduction band are located at Γ resulting in a direct gap, which is in agreement with experiment and previous theoretical work. The results are shown in Tab. 1. data are shown in Figs. 4a and 4b , respectively. Our calculated spectra have been scissor shifted by the difference between the calculated and the experimental band gaps (1.29 eV for ZnSe and 1.35 eV for ZnS). In Fig. 4a , the interband transitions from bands (8, 9) to (10) along the L direction are responsible for critical point E 1 Transitions from bands (8, 9) to (10, 11) are responsible for critical point E 1 + ∆ 1 , resulting from transitions along the X direction and W direction, respectively. Finally, transitions from (2-6) to (10) bands along Γ direction are responsible for the critical point E 2 . It is observed that the E 1 peak is lower in amplitude than the experimental one especially for ZnS. This discrepancy is due to the neglect of excitonic and local field effects or lifetime broadening. In Fig. 5 , we plot the positions of the critical points of ZnS Se 1− alloys as a function of sulfur content. As can be seen, we obtain the absence of any bowing effect for E 0 E 1 and E 2 in the whole alloy composition range, which is in agreement with experimental data [18] . However, we find a small degree of bowing for the E 1 +∆ 1 peak, unlike other peaks. Usually, some degree of bowing for critical points is also found in most of II-VI semiconductor alloys [11, 19, 20] . Finally, our calculations reproduce the trend of the absorption edge which is experimentally observed in electron beam evaporation and x-powder measurements for ZnS Se 1− alloys [2, 9] .
Optical properties
Conclusions
In this work, we have studied the electronic and optical properties of ZnS Se 1− alloys using calculations from first principles employing the full potential LAPW method. We find that the lattice constants of ZnS Se 1− alloys scale linearly with sulfur content obeying Vegard's law. We are able to get trends in ε 2 (ω) that are in agreement with the experimental data. The absorption edge is shifted towards higher energy with an increase in sulfur content and does not show any bowing effect.
